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Transmitter release is considered to be a secretory event 
triggered by localized calcium influx which, by binding to 
a low-affinity Ca 2+ site at the presynaptic active zone, ini¬ 
tiates vesicular exoevtosis (1-7). In previous experiments 
with aequorin-loaded presynaptic terminals we visualized, 
upon tetanic presynaptic stimulation, small points of light 
produced by calcium concentration microdomains of about 
300 pM (5). These microdomains had a diameter of about 
0.5 pm (5) and covered 5-10% of the total presynaptic 
membrane with an average density of S.4 pm 2 per 
100 pm 2 , corresponding closely to the size and distribution 
of the active zones in that junction (6, 7). 

To understand in more detail the nature of these con¬ 
centration microdomains, we obtained rapid video images 
(4000/s) after injecting the photoprotein n-aecptorin-J into 
the presynaptic terminals of squid giant synapses. Using 
that experimental approach, we determined that micro¬ 
domains evoked by presynaptic spike activation had a du¬ 
ration of about S00 ps . Spontaneous quantum emission 
domains (QEDs) observed at about the same locations as 
the microdomains were smaller in amplitude, shorter in 
duration, and less frequent. 

These results Hustrate the time course of the calcium 
concentration profiles responsible for transmitter release. 
Their extremely short duration compares closely with that 
of calcium current flow during a presynaptic action poten¬ 
tial and indicates that, as theorized in the past (6-S), in¬ 
tracellular calcium concentration at the active zone re¬ 
mains high only for the duration of transmembrane cal¬ 
cium flow. 
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The spontaneous quantum emission domains (QEDs) 
observed prior to stimulation were imaged over an area 
corresponding to ^20% of the total active zone of the 
preterminal studied. They occurred at a very low rate (10- 
15/s) and were generally located at the same sites as the 
evoked microdomains (Fig. IB). 

Calcium entry following tetanic stimulation of the 
presynaptic axon (500 ms or 1 s at 100 Hz) was char¬ 
acterized by the appearance of calcium microdomain 
sites that appeared to blink on and off during the tetanic 
stimulation (Fig. 1). The localization of the evoked mi¬ 
crodomains in the presynaptic terminal is shown in Fig. 
1A, and as previously reported (5), double-labeling of 
the presynaptic and postsynaptic fibers with fluorescent 
dyes demonstrated that QEDs are localized at the active 
zones (9). 

These results suggest that the spontaneous and evoked 
light emissions probably correspond to spontaneous (10, 

11) and voltage-evoked calcium channel openings, re¬ 
spectively. The low frequency of such light points in¬ 
dicates, however, that only a very small percentage of 
the total number of calcium entry events are being ob¬ 
served. Indeed, for spontaneous release given calculated 
levels of ^35,000 quanta/s for the total active zone 
(10, 11), the area observed (20%) should generate 
«7000 QEDs/s rather than the 10-15 observed if we 
assume that one activated zone releases one QED. This 
number is based on the assumptions that (1) every 
spontaneous event is triggered by calcium entry at the 
active zone (which will overestimate the QEDs because 
some spontaneous transmitter release is calcium inde¬ 
pendent), and (2) each calcium entry event activates 
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Figure t. Fluorescence image and light emission from a squid synaptic pretenmnal injected with 
H-aequorin-J. 

A hybrid synthetic aequorin, n-aequorin-J, with a sensitivity to [Ca 2+ ] on the order of 10“ 4 M, developed 
by Shimomura, Musicki, and Kishi (19) was used as an [Ca 2+ ], indicator. This photoprotein was chosen 
because its low binding constant requires relatively large calcium concentrations to activate photon emission 
(300-400 pM [10]), which is triggered with a short delay («s750 s [12]). In addition, it has the advantage 
of not substantially modifying the buffering properties of the intracellular milieu. 

Presynaptic injection of this aequorin (5) in the squid (Loligo pealii) giant synapse (20), allowed the 
selective detection of high-calcium-concentration microdomains (5). The distribution of the injected aequorin 
inside the presynaptic terminal was determined by visualizing a tluorophore (rhodamine-labeled Dextran) 
that was injected with the photoprotein (5). The diffusion profile was visualized using a fluorescence microscope 
with a 40X water-immersion objective lens (N.A. 0.75). Aequorin luminescence was measured with a dMCP 
intensified camera operated in the photon-counting mode (12). The images were stored on conventional 
videotape (30 video frames/s), a fast-tape system (NAC HSV-400) with a 5-ms lime resolution, or a digital 
system (Kodak HSC) with a 250-^s resolution (12). The synapses were dissected under flowing seawater, 
and during the experiments the preparation w-as bathed in artificial seawater containing 10 m M Ca 2+ . 

(A) fluorescence image showing the preterminal on the larger of the post axons (not visible). (B) Spontaneous 
light emission recorded over 500 ms. (C) Same as in B, showing the light intensity (relative scale [12]) in 
pseudocolor. (D and E) Same as in B and C but taken over a 500-ms period of tetanic stimulation at 100 Hz. 


aequorin (which also overestimates because such re¬ 
actions—being dependent on concentration and time— 
are far from fully efficient). 

The QED frequency for evoked release occurred at a 
rate of 250-500/s, with superimposed QEDs occurring at 
a rate of 3 to 5/s. QED frequency for evoked release was 
20 to 30 times greater than the QED frequency for spon¬ 
taneous activity (Fig. 1D and E). The QED frequency for 
the relative increase in evoked release was at about the 
level expected assuming a quantal content of 5 to 10 
X 10 3 per action potential (3, 11). With 1 s of tetanic 
stimulation of 100 Hz, the quantal release would be near 
0.5 to 1 X 10 6 . 

The experimental results indicate detection levels three 
orders of magnitude smaller than expected from such cal¬ 
culations. Two possible explanations for this very low yield 
are (1) that QEDs are generated only when calcium chan¬ 
nel openings occur in particular spatial distribution ( e.g ., 
clustering), i.e., the so-called neighbor effect (8); (2) that 
our detection system sees only a small percentage of the 
photons emitted (12). Preliminary measurements suggest 
that only 0.22% of the light emitted is captured by the 


present system (12), which supports the view that the low 
observed QED yield is due to technical limitations in de¬ 
tection (12). 

To compare the time course for evoked QEDs with 
that of the presynaptic calcium current triggered by a 
simulated action potential, these events were super¬ 
imposed on the same time base (Fig, 2). The time course 
for l Ca superimposes adequately on the time course of 
a microdomain evoked during the activation of similar 
presynaptic spikes (Fig. 2B). Note, however, that the 
light emission seems to outlast that of the transmem¬ 
brane current. This is to be expected because high-level 
light emission does leave an afterglow in the photosen¬ 
sors (12). Indeed, as shown in Figure 2 panel C, the 
time course for the microdomain corrected for this dis¬ 
tortion (12) matches quite closely the time course of 
the macroscopic l Ca - 

The results presented here demonstrate for the first 
time the true time course for the calcium microdomain 
at a chemical presynaptic terminal. These findings are 
in agreement with the time course for spike-evoked cal¬ 
cium currents (13) as well as with model results (8) for 
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Figure 2. Time course for evoked calcium concentration microdomains. (A) Illustration of the time 
course for a presynaptic action potential (Pre) that simulates the voltage profile of a presynaptic spike 
recorded from the same fiber, before block of sodium and potassium channels (from 7); the calcium current 
(l Ca ) generated by the transient depolarization; and the postsynaptic response (Post) triggered by I Ca . The 
presynaptic current (ICa—arrow), basically a tail current with an overall duration of *=800 ^s, and the 
postsynaptic potential obtained in previous experiments (7) are shown. (B and C) Superimposition of the 
time course for the calcium microdomain (amplitude on a relative scale) and the time course for the presynaptic 
calcium current. (B) Amplitude of raw light measurements taken every 250 /is. (C) Amplitudes after correction 
for afterglow. The area of the color circles under each time point relates to the amplitude of the light emission 
during that time bin. 


the distribution and time course for transient calcium- 
concentration profiles, given by the equation for the 
analytical solution for three-dimensional calcium dif¬ 
fusion: 

r = _ 2.0 X 10* xJ /_4_\ 

r ’ 4.0 X 7T X FAR X Dca X r L>K 1 \2.0 VDca X t/ 

where C (r, t) is the calcium concentration at time, t, 
and distance, r, from the channel: Dca is the diffusion 
coefficient for calcium: FAR is the Faraday constant: J 
is the flux per channel; and erfc is the complementary 
error function. This equation was used to calculate the 
calcium-concentration profile, which reaches a steady- 
state level of ^300 pAf at 500 A from the channel pore 
in 1 ms and, follow ing channel closure, decays to a level 


of 10 nM in a similar period for the same distance (8). 
Given the sensitivity level of M-aequorin-J, our results 
are, indeed, consistent with the model. 

The time course reported here is different from that 
observed in other secretory systems such as the chro¬ 
maffin cell (14), where the transient develops over 10 
to 100 ms and where the calcium buffering properties 
may be quite different. However, our results are similar 
to the calcium concentration profile in individual frog- 
muscle sarcomeres following the activation of action 
potentials (14). 

The overall duration of the microdomain is in agreement 
with the increased probability of release produced by a pre¬ 
synaptic spike. The calcium current produced by a presyn¬ 
aptic action potential has a peak at 0.3 ms and an overall 






















TIME COURSE OF Ca 2+ MICRODOMAINS IN SQUID 


303 


duration of ^0.8 ms (13). very much in agreement with 
measurements observed with the present technique. 

The obser\ations described in this paper constitute a 
direct demonstration of the time course for the calcium 
concentration microprofiles at a presynaptic terminal. 
This time course matches closely that of the release process 
(13) and the average opening time for P-type calcium 
channels (15) which may be responsible for the presyn¬ 
aptic calcium current in this terminal (16). The results 
further indicate that the temporal coherence for trans¬ 
mitter release is indeed produced by a well-matched re¬ 
lationship between the kinetic properties for the opening 
of calcium channels and the duration of the presynaptic 
action potential (13). 

These results confirm our previous conclusion that 
synaptic neurotransmitter release is triggered by high- 
calcium-concentration microprofiles at the active zone 
that induce a rapid triggering of vesicle fusion lasting for 
the duration of the calcium profile (3, 17). Since the time 
course of the evoked microdomain is about three times 
as long and about fivefold larger than that produced by 
spontaneous QEDs, the evoked release may be triggered 
by the opening of many more calcium channels per active 
zone than the spontaneous events. 

The number of calcium ions that are detected in an 
evoked microdomain may be estimated as follows. Con¬ 
sider that a presynaptic action potential generates an I Ca 
of about 300 nA (10, 13), a current of 0.5 pA/channel, 
and that a single channel allows the flow of about 150 to 
200 calcium ions (7, 18), then X 10 5 channels are 
opened to release 5000 to 10,000 vesicles (4, 11) or 

15,000 calcium ions/vesicle (13). [This is in contrast to 
the estimated minimum of 200 ions/vesicle (one calcium 
channel) for the ciliary ganglion (18)]. Given that the 
number of active zones in a presynaptic terminal is about 
5000 to 10,000 (6), the number of channels open per ac¬ 
tion potential for each active zone is 100. If single chan¬ 
nels allow the How of 150 to 200 calcium ions (7, 18), an 
evoked microdomain, using /?-aequorin-J and the present 
imaging technique, may represent an influx of calcium 
of about 15,000 ions. 
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